Abstract. Various by-products generated from thermal power plants and chemical industries have considerably economic and environmental impacts in South Korea. This study focuses on evaluating thermal conductivity of controlled low strength material (CLSM) made entirely from by-products (e.g., coal ash, gypsum, red mud). In the experimental program, pond ash is used as a full replacement of natural sand whereas fly ash activated by a little lime, red mud, and gypsum is the main binder in the production of CLSM. Various laboratory tests including flowability, bleeding, initial setting time, and unconfined compressive strength were performed on the prepared CLSM mixtures to determine its general characteristics. Thermal conductivity is then measured subjected to saturated curing condition (SC) and room temperature curing condition (RTC). As a result, all general characteristics meet the specification of CLSM reported in ACI 229R by controlling the ratio of gypsum to red mud. In particular, the good flowability of higher than 20 cm is observed as the G/Rm ratio of smaller than 1.33. The bleeding values, ranging from 0.30% to 2.70%, fall into the bleeding requirement of CLSM of less than 5%. Moreover, the initial setting time and strength results are also in the acceptable specification of general CLSM in ACI 229R. Eventually, the thermal conductivity of the proposed CLSM was in the range of 0.84-0.87 (W/mK) and these values were considerably affected by the saturation states and curing conditions rather than binder proportion.
Introduction
By-products have been recycled in large amounts and used as materials in various applications during the past decade such as in cement or concrete production [1, 2] , or in soil stabilization [3] , and recently in controlled low strength material (CLSM) production [4] [5] [6] . CLSM is defined as a self-compacting and self-leveling. It can be employed for the replacement of structural fillings or conventional backfill soil [7] . In these applications, there are various inherent advantages of using CLSM instead of compacted fill. Among them, the possibility of recycling by-product materials in CLSM is big deal in the reduction of landfills requirement and the contribution towards the tenable development. CLSM made with different types of by-products was addressed in many previous studies. Owing to good flowability, segregation and material cost reduction, fly ash was employed in many successful applications of CLSM [4-6, 8, 9] . In term of fine aggregate in CLSM, bottom ash was preferable [8, 10, 11] . Do et al. (2015) [12] and [13] studied engineering characteristics of CLSM incorporating red mud. Pierce et al., (2003) [14] used cement kiln dust in the production of CLSM. The most common point found in those researchers revealed the general properties of CLSM made with by-product materials. However, the thermal conductivity of CLSM has not been evaluated and explored in the literature. The main purpose of this study is to develop a new CLSM made entirely from by-products and evaluate its thermal conductivity in two different curing conditions (SC and RTC) to reflect the actual conditions in the field with the presence of groundwater table. In this study, pond ash is used as a full replacement of natural sand whereas fly ash activated by a little lime, red mud, and gypsum is the main binder, which fully replaced cement in the production of CLSM.
Experimental Study
In this study, pond ash originating from thermal power plants in Jeolla Province (South Korea) was used as fine aggregate in CLSM production. Pond ash is a combined mixture of fly ash and bottom ash. Many fly ash particles (i.e., spherical shapes) can be found from the SEM result of pond ash as shown in Fig. 1 . In addition, Fly ash was also used as the main binder in the production of CLSM in this study. It is the class F and produced from a cogeneration plant in Jeolla Province (South Korea). In the CLSM mixtures, fly ash is activated by a little lime, red mud, and gypsum. The red mud, a by-product originated in Jeolla Province (South Korea) from Bayer process was passed through sieve number 200 (75 μm) before it is used in experimental program. The basic index properties of red mud are specific surface (11.01 (m 2 /g)), specific gravity (3.15), liquid limit (46.6), and plastic index (7.63) [13] . Gypsum is also another by-product used in this study come from the phosphoric acid production. Gypsum wastes were ground to powder and after drying under 110-120 o C. The particle size distributions of all raw materials used in this experimental program are shown in Fig. 2 . Total five mixtures were made by following the weight fractions of 1.0 (water), 2.0 (pond ash), and 1.0 (binder). In the proportion of the binder, the ratios of gypsum to red mud were shifted from 0.40 to 0.75, 1.33, 2.50, and 6.00, respectively, (i.e., other weight fractions such as lime, fly ash were fixed). In the experimental program, the properties of the CLSM mixtures, such as bleeding, flowability, setting time, and unconfined compressive strength were tested in accordance with applicable ASTM Standards (2004): C 940, D 6103, C 403, and D 4832, respectively. In order to evaluate the heat transfer capacity of CLSM, thermal conductivity test was conducted at the age of 28 days (i.e., same time with unconfined compressive strength tests). In this study, two curing conditions were prepared for the proposed CLSM including saturated curing condition (SC) (i.e., specimens were immersed into water) and the room temperature condition (RTC) due to the fact that the saturation states of CLSM are different from below and above groundwater table in the actual field. In the thermal conductivity test, the thermal needle was inserted into CLSM specimens. Thermal conductivity measurement was conducted following to ASTM D5334. During the test, time series temperature data obtained from the heating cycle and cooling cycle was monitored. Note that the relationship Key Engineering Materials Vol. 773 245 between resistance and temperature should be determined before calculating the thermal conductivity [4] . Finally, thermal conductivity λ can be obtained from Eq. (1). 
Results and Analysis
General Characteristics of CLSM. The general characteristics of CLSM including fresh density, bleeding, flow, initial setting time, and unconfined compressive strength are tabulated in Table 1 . Flowability is a very important property of CLSM since it controls the self-leveling ability and reflects the workability and therefore no need of compacting equipment and conventional placing. As shown, three mixtures (Mix 1, Mix 2, and Mix 3) have the good flowability of higher than 20 cm as the G/Rm ratio of smaller than 1.33. Yet, when this ratio increases from 1.33 to 2.50, and 6.00, the flowability dramatically drops to 14.5 cm and 11.0 cm, respectively. Bleeding of CLSM is determined by the volume of water coming out over the initial volume of the specimen. In this study, the bleeding values are found to be from 0.30% to 2.70%. This range meets the bleeding requirement of CLSM of less than 5%. In term of initial setting time, the range of 24.5-31.19 hours is found in the prepared CLSM mixtures. It should be noted that this range is lower than 36 hours that is required for general CLSM even though cement was absent in the proportions of the CLSM mixtures. Strength results are also summarized in Table 1 with an observation of an increase in compressive strength of all CLSM mixtures. The hydration process of fly ash activated by lime, red mud, and gypsum helps to generate CSH and ettringite, which completes progressively with time. In particular, the 3-and 7-day strengths ranged from 172.6 to 1202 (kPa) and from 744.1 to 1812.1 (kPa), respectively. At the age of 28 days, the strength is in the range of 2229.2-4342.4 kPa meeting the strength specification of general CLSM in ACI 229R, (1999) [7] . Thermal Conductivity of CLSM. Fig. 3 shows the thermal conductivity of CLSM mixtures made entirely from by-products (e.g., coal ash, red mud, gypsum). As shown, the thermal conductivity of the CLSM mixtures under the saturated state ranges from 0.84 to 0.87 (W/mK), which is in the normal thermal conductivity range of soils as reported by Sterling, (1992) [15] (i.e., CLSM can replace earth backfill for underground power cables) and even similar to one of the conventional grout (bentonite) in geothermal systems. In that sense, although it cannot be immediately confirmed about the practicality of using CLSM for those fields, the thermal conductivity results of this In addition, thermal conductivity of CLSM is also affected by curing conditions, as can be illustrated in Fig. 3(b) . The thermal conductivity values in CLSM under RTC condition are relatively smaller than those under SC condition. It is due to the dissimilar moisture contents under the two different curing conditions of CLSM mixtures. Thermal conductivity showed higher values under SC condition probably due to the fully filled pores with water. However, the water might be substituted by air in a partial amount under RTC condition and thus it makes thermal conductivity of CLSM mixtures in these cases decrease. Note that thermal conductivity of water is 0.6 W/mK and that of air is just 0.024 W/mK) [4] . Finally, even though the thermal conductivity of the proposed CLSM mixtures in this study is influenced by the saturation states and the curing conditions, there is no pronounced evidence indicating the influence of the binder proportion on thermal conductivity. Every mixture has similar thermal conductivity, regardless of the saturation states and the curing conditions.
Conclusions
The new CLSM made entirely from by-products such as coal ash, red mud, and gypsum was developed. The general characteristics of the prepared CLSM mixtures performed well with a control of G/Rm ratio in the proportion. The range from 0.40 to 1.33 of G/Rm was recommended from this study. In addition, the thermal conductivity of the proposed CLSM mixtures was also evaluated subjected to saturation states and curing conditions. As a result, the thermal conductivity of CLSM developed in this study is either in the normal thermal conductivity range of soils or similar to one of the conventional grout (bentonite) in geothermal systems. This finding is very important and could be the premise to open new applications of CLSM in the field such as a replacement of earth backfill for underground power cables or bentonite for geothermal systems. Finally, it is worth noting that the thermal conductivity of CLSM proposed in this study is considerably affected by the saturation states and curing conditions rather than binder proportion.
